
Vol.:(0123456789)1 3

Biomass Conversion and Biorefinery (2023) 13:9643–9661 
https://doi.org/10.1007/s13399-021-01904-0

REVIEW ARTICLE

Biotransformation of lignocellulosic biomass to xylitol: an overview

Vasundhara Jain1 · Sanjoy Ghosh1 

Received: 4 June 2021 / Revised: 17 August 2021 / Accepted: 26 August 2021 / Published online: 20 September 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Lignocellulosic biomass (LCB) stands out as an abundant, inexpensive, and promising renewable source of energy that can 
be used to produce fuels and value-added products. LCB comprises of majorly 3 components: cellulose, hemicellulose, and 
lignin. These three components can be further transformed into commercially viable and sustainable products like ethanol, 
xylitol, acetic acid, glutamic acid, glucuronic acid, succinic acid, and vanillin and thus can contribute significantly towards 
developing cost-effective integrated biorefineries. Among these, xylitol has been a tremendously increasing area of interest. 
With having no petrochemical alternative, xylitol turns out to be one of the highest valued products which may be produced 
by utilizing lignocellulosic biomass. Its large-scale production is still carried out through chemical route by dehydrogena-
tion of xylose under high pressure and temperature. Biotechnological route is the potential substitute for chemical route 
as it involves milder process conditions and can utilize both industrial and agricultural wastes thereby reducing the overall 
production cost. However, biological scheme has not been adopted yet at the industrial scale. This review focusses on the 
recent advances in production of xylitol using yeasts. Special emphasis is given on pretreatment and detoxification methods, 
critical growth parameters, various fermentation strategies, metabolic engineering, and product recovery.
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1 Introduction

Xylitol is a pentose alcohol that has higher sweetening abil-
ity and fewer calories than sucrose. It has a wide application 
in pharmaceutical, food, nutraceuticals, and beverage indus-
tries [1, 2]. It is chemically less reactive than its correspond-
ing ketose and aldose, thus preventing microbial degrada-
tion. It prevents dental and ear infection in kids. It is used as 
an alternative to sugar for patients suffering from diabetes, as 
it has lower glycemic index and does not trigger the insulin 
metabolism pathway [3, 4]. It has high solubility and cool-
ing power, anticariogenic effect, and does not alter the food 
dietary values [5, 6]. It is also identified as one of the top 
12 platform chemicals, as it serves as a building block for 
various industrially important chemicals like glycols, lactic 

acid, and xylaric acids [7]. The market of xylitol is expand-
ing due to increase in awareness for health and naturally 
derived sugar-free products. It accounts for 12% share of 
the total sugar alcohol market and it is expected to grow 
threefold by 2025 [8].

Chemical route has been ongoing for nearly four decades 
for the industrial production of xylitol. This route involves 
the catalytic hydrogenation of pure d-xylose using Ni/Al2O3 
as a catalyst under high temperature (80–140 °C) and pres-
sure (up to 50 atm) [4]. Chemical route has several draw-
backs like high energy requirements, high operating cost, 
extensive separation, and purification steps. Recently, bio-
technological production of xylitol is garnering its impor-
tance due to the bioconversion of LCB with specific micro-
bial strain to obtain xylitol at relatively milder conditions. 
The biological route is eco-friendly due to lower chemical 
discharge into the environment, lesser corrosion of the reac-
tors, and lower carbon foot print [9]. It provides a better sub-
stitute in terms of energy requirements thereby may signifi-
cantly reduce the overall process cost [10]. Moreover, this 
route can also be integrated with the second generation (2G) 
ethanol production plant where the hemicellulose fraction 
of LCB can be utilized to produce xylitol to compensate the 
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cost of ethanol. Despite of having an edge over the chemi-
cal route, xylitol production from biotechnological route is 
not employed at the commercial scale. To make this process 
commercially feasible and bridge the gap between lab and 
industrial scale production, significant amount of research 
has been done in the previous decade.

This review is an overview of recent studies on biotechno-
logical production of xylitol. It mainly focusses on the bio-
process aspects of xylitol production by fermentation using 
yeasts. Several critical parameters and different fermentation 
strategies that may significantly enhance xylitol productivity 
are discussed.

2  Applications of xylitol

Food and Drug Administration (FDA) USA has considered 
xylitol as “Generally Recognized as Safe” (GRAS) and “safe 
for teeth” since 1986 and 1994 respectively [11]. Xylitol is 
a potential substitute for sucrose in the food products like 
cookies [12], cupcakes [2], chewing gums [13], and choco-
lates [14] for reduction in calories intake. In pharmaceutical 
industries, its application has become widespread because 
of its anticariogenic effect, that can decrease tooth decay 
significantly [6]. It is very effective against bacterium that 
forms oral film like Streptococcus mutans [15], and other 
microorganisms that have an adverse effect upon oral health 
like Haemophilus influenzae and Streptococcus pneumoniae 
[16], Staphylococcus aureus [17], and Pseudomonas aeru-
gionosa [18]. It is also used in the tooth calcification which 
is mainly caused by aging [19]. There are literatures which 
have reported it to be beneficial in treating many ailments 
like anemia [20], diabetes [21], acute otitis media [22], and 
osteoporosis [23].

3  Market trends

Since 1960s, the time when Finnish company initially pro-
duced xylitol, there has been a substantial expansion in its 
market [24]. In 2019, the market size of xylitol surpassed 
USD 880 million globally [25]. It is likely to increase to 
a projected value of USD 1404.31 million by 2026, thus 
observing a significant CAGR in the estimate period 
of 2019–2026 [26]. Application-wise xylitol is majorly 
employed for chewing gum production followed by confec-
tionery products as they account for 70% of the xylitol con-
sumption all over the world [11]. In Asia itself, 80–90% of 
xylitol is used for chewing-gum production [25].

China and the USA are the largest global suppliers and 
producers of industrial xylitol via catalysis using corn cobs 
and hardwoods like birch respectively [8]. Major global pro-
ducers of xylitol are tabulated in Table 1. DuPont Danisco 
is currently the leading producer of xylitol with its three 
plants in China and the USA [25]. It utilizes xylose obtained 
from hardwood of paper and pulp plant to produce xylitol at 
commercial scale via catalysis [8]. The other major market 
participants are DFI Corporation, Shandong Futaste Co., 
Ltd., Xylitol Canada, Inc., Roquette Freres, and Zuchem Inc. 
Several commercial producers like Thomson Biotech (Xia-
men) Co., Ltd. and ZuChem Inc. have begun to incorporate 
microbial fermentation processes in addition to the chemical 
processes for economical xylitol production [27]. Xylitol can 
be used as platform chemical in the making of glycol, xylaric 
acid, 1–2-propanediol, and hydroxyl furan. Thus, in the com-
ing future, the increase in demands for these chemicals will 
eventually propel the demand of xylitol. Since xylitol can 
serve as the low-cost substitute for petrochemicals, it may 
lead to have a positive influence upon bio business market 
globally [27].

Table 1  Major xylitol-
producing companies (based 
on [8])

Company Production 
(tons per year)

Raw material source

Futaste Pharmaceutical Ltd., China 35,000 Corncob
Zhejiang Huakang Enterprise Co., Ltd. China 20,000 Corncob
Yucheng Lujian Biological Technology Co., Ltd. China 16,000 Corncob
Hangzhou Shouxing Biotechnology Co., Ltd. China 15, 000 Corncob
Shijiazhuang Acid Chemical Co., Ltd 10,000 Corncob
Thomson Biotech (Xiamen) Pte. Ltd. China 10,000 Corncob
Shandong Biobridge Technology Co., Ltd. China 6000 Corncob
Jining Hengda Green Engineering Co., Ltd. China 5000 Corncob
DuPont (Danisco) USA 2000 Waste side stream of a pulp 

and paper plant to extract 
xylose
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4  Chemical xylitol production

Industrially, production of xylitol is carried out via cata-
lytic hydrogenation of pure xylose from hemicellulose 
hydrolysate [28]. This involves five major steps: The first 
one is acid hydrolysis to break the hemicellulosic fraction 
of lignocellulosic biomass [25]. The next step involves the 
purification of pentose sugar rich hydrolysate via activated 
carbon and ion-exchange methods to obtain pure xylose 
[26]. Third step involves the catalytic hydrogenation of pure 
xylose at elevated pressure (up to 50 atm) and temperature 
(80–140 °C). Fourth step is purification of obtained xylitol 
solution, and fifth is crystallization of xylitol [26, 27]. The 
effectiveness of chemical process from initial lignocellulosic 
biomass is 8–15%, from xylan is 50–60%, and from pure 
xylose is around 98% [28]. This process gives high yield and 
efficiency, but it poses several drawbacks like requirement 
of expensive and specialized equipment, wide ranging inter-
mediate purification steps, deactivation of catalyst and its 
costly recovery, product recovery, and high energy demands, 
thus increasing the cost of overall process [11]. The manu-
facturing cost of xylose and xylitol after hydrogenation pro-
cess is around $2300–2500/t and $350/t respectively [29]. 
Thus, production of xylose crystals represents more than 
80% whereas hydrogenation represents less than 20% of the 
total xylitol production cost respectively [30]. The key rea-
sons accountable for the higher production cost of xylose 
includes the following: First one is the requirement of tedi-
ous and complex purification steps for removal of different 
saccharides and non-sugar components from hemicellulosic 
hydrolysate. If hemicellulosic hydrolysate including saccha-
rides undergoes hydrogenation, then all saccharides would 
result in their equivalent alcohols. The presence of alcohols 
would pose a challenge in xylitol recovery via crystalliza-
tion. Second is the resemblances between physicochemical 
properties xylose and sugar impurities which might impede 
the xylose crystals formation. Around 20–30% of xylose 
remains in mother liquor after crystallization, and there is 
no commercially viable process of xylose recovery from it 
[29]. Thus, there is a tremendous scope for biotechnological 
route for addressing the challenges posed by chemical route 
in xylitol production. Figure 1 illustrates the schematic of 
key steps involved in xylitol production via chemical and 
biotechnological route.

5  Biotechnological xylitol production

Biotechnological production of xylitol is one of the prom-
inent alternatives to the conventional chemical route as 
it requires milder pressure and temperature conditions. 

It can be based on lignocellulosic hydrolysates to save 
on substrate purification and energy costs. The biotech-
nological conversion is mainly carried out by employing 
the microorganisms or by using enzymes. In this review, 
microbial xylitol production using lignocellulosic biomass 
is mainly discussed. Production of xylitol via microor-
ganisms broadly involves hydrolysis of lignocellulosic 
biomass, detoxification, fermentation of hemicellulosic 
hydrolysate, and recovery of the product.

Biotechnological route has potential to alleviate the cost 
of xylitol production. Unlike chemical route, this involves 
only one step of crystallization (xylitol recovery from fer-
mentation broth).

Although hemicellulosic hydrolysate requires detoxifica-
tion before fermentation, however organic acids and inor-
ganic elements present in hydrolysate are utilized by the 
microorganisms as nutrients. Thus, overall cost of purifica-
tion of fermentation broth to xylitol crystal is lesser than the 
cost of production of pure xylose crystals required in chemi-
cal route. In fermentation process, complete consumption of 
glucose and xylose promotes purification of xylitol even in 
the occurrence of other impure monosaccharides (arabinose 
and galactose) whereas the chemical route employs the com-
plex separation process for segregating xylitol and xylose.

Table 2 summarizes the key differences between the 
chemical and microbial xylitol production. Enzymatic pro-
duction process has also gained much attention as it has the 
potential of converting 100% of xylose to xylitol, as there is 
no requirement for any metabolic diversion for cell mainte-
nance [31]. However, due to high cofactor requirements, its 
large-scale production may not be feasible and cost effective 
[11].

6  Hydrolysis of lignocellulosic biomass

Pretreatment is the one of the most important steps for frac-
tionating out of the three components of lignocellulosic 
biomass, i.e., cellulose, hemi-cellulose, and lignin which 
are further processed to produce biofuels and value-added 
chemicals. On large scale, cost-effective pretreatment tech-
nologies are not yet fully developed due to which trans-
formation of lignocellulosic biomass into biochemicals is 
restricted [32]. Pretreatment methods should be selected in 
such a way that they are of low cost, preserve the hemi-
cellulose fractions, and restrict the generation of inhibitors. 
One of the key holdups that affects techno-economic feasi-
bility of xylitol production is lack of inexpensive pretreat-
ment methods for efficient recovery of xylose. In the recent 
years, efforts are being continuously made in the direction 
of reducing the cost, enhancing the efficiency of current pre-
treatments, and in developing economically viable methods. 
Biorefineries may play a vital part in decreasing the effect 
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of this step on overall manufacturing cost by incorporat-
ing different bioprocesses. Due to the complex structure of 
hemicellulose along with xylose, multiple compounds like 
phenolic or aliphatic acids, furaldehydes, and weak acids 
are also produced. These act as inhibitors to microorgan-
ism during the fermentation process. In this review, the pre-
treatment methods targeting high recovery of xylose from 
lignocellulosic biomass are only being discussed. Table 3 
summarizes different compositions of sugars obtained from 
the hydrolysis of hemicellulose.

6.1  Acid hydrolysis

Acid hydrolysis is one of the most popular pretreatment 
methods reported in literatures for producing xylitol [10, 
42, 43]. It is rapid and simple method which can be done 
by dilute acid or highly concentrated acid. Generally, dilute 
acid hydrolysis is preferred over highly concentrated acid 
due to low cost, effectiveness in disruption of lignocellu-
losic matrix to give hemicellulosic sugar, and high reaction 
rate. For acid hydrolysis process, sulfuric acid is mainly used 

Fig. 1  Key steps involved in chemical and biotechnological xylitol production (based on [29, 30])
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among the other acids as it is comparatively lesser corrosive 
to equipment at low concentration, cost-effective, and less 
volatile. Parameters like reaction time, pressure, solid–liq-
uid loading, temperature, and varied concentrations of acid 
must be adjusted to enhance the xylose fraction in hydro-
lysate and to decrease the generation of inhibitors. Recently, 
Unrean and Ketsub [33] treated the sugarcane bagasse with 
2.5% (w/v)  H2SO4, 20% (w/v) solid loading for 30 min and 
obtained 20.04  gL−1 of xylose and 4.01  gL−1 of glucose. 
Zahed et al. [38] studied the effect of varying sulfuric acid 
concentration (w/v) (2%, 3.5%, and 5%) at 100 °C for the 
hydrolysis of rice straw and found out that xylose and glu-
cose were obtained at the optimum acid concentration of 
3.5%, 15.05, and 2.3  gL−1 respectively.

6.2  Autohydrolysis and steam explosion

Autohydrolysis and steam explosion pretreatments are oper-
ated at high pressure and temperature conditions. In autohy-
drolysis, fractionation takes place by using compressed hot 
water which is subjected to the temperature ranging from 
150 to 230℃ [24]. The hydronium ions cleave the acetyl 

linkages from the hemicellulose to release acetic acid. The 
acetic acid acts as catalyst and facilitates the removal of 
sugars and oligosaccharides from hemicellulose [44, 45]. 
This process simultaneously solubilizes hemicellulose and 
removes water soluble extracts. After the autohydrolysis of 
the biomass, the total sugar released can be increased by 
subjecting it further to acid or enzymatic hydrolysis [46]. 
Santucci et al. [47] reported that the hydrothermal pretreat-
ment favored the conversion of hemicellulose into sugars 
and oligomers when it was conducted at high temperature 
for 15 min as it reduced the generation of degraded products 
in hydrolysate. The conversion efficiency of hemicellulose 
to sugars and oligomers when subjected to autohydrolysis 
at 170℃ for 90 min was 61.7%. Koo et al. [48] proposed 
the modified two-stage autohydrolysis where they achieved 
83.9% of total sugar recovery from sweet sorghum in com-
parison to the one-stage autohydrolysis where the recovery 
was 68.1%.

Steam explosion pretreatment involves the exposure of 
lignocellulosic biomass to high pressured steam for brief 
amount of time, and then subsequently rapid release of 
pressure [49]. Due to the process of flash evaporation, a 

Table 2  Key differences between chemical and biotechnological route (based on [11, 29])

Chemical xylitol production Microbial xylitol production

Adverse impact on xylose and xylitol yield in the presence of other 
impure sugars in hydrolysate

Comparatively lesser impact on xylitol yield in the presence of other 
impure sugars in hydrolysate

Detoxification is required to purify complete hydrolysate to attain pure 
xylose after crystallization

Detoxification is required only for exclusion of inhibitors from 
hydrolysate

Operates at high pressure and temperature (80–140℃, 50 atm) using 
expensive catalyst (Nickle)

Operates at mild temperature (25–35℃) using microorganisms as 
biocatalysts (yeast/bacteria/fungi)

Highly energy intensive and non-eco-friendly process Lower energy requirements, sustainable and eco-friendly process
Double-step crystallization (for xylose and xylitol recovery) Single-step crystallization (only for xylitol recovery)
Complex and slow separation of xylitol from impure sugars (mainly 

xylose, glucose, arabinose, and galactose)
Easier and faster separation of xylitol from impure sugars (mainly 

galactose and arabinose)
Chromatographic separation is not suitable for segregating xylose and 

xylitol from impure sugars thus resulting in lower xylitol yield from raw 
material

Chromatographic separation is suitable for efficient xylitol recovery 
after fermentation thus resulting in higher xylitol yield from raw 
material

Table 3  Composition of lignocellulosic biomass after pretreatment  (gL−1)

Biomass Hydrolysis Glucose Xylose Arabinose Acetic acid Furfural 5-HMF Phenolics Reference

Sugarcane bagasse Dilute sulfuric acid 4.01 20.04 - 3.72 0.50 0.19 - [33]
Corncob Dilute sulfuric acid 2.83 21.67 1.21 2.42 0.54 0.30 [34]
Rapeseed straw Dilute sulfuric acid 2.96 10.30 1.72 3.84 0.50 0.41 1.93 [35]
Sugarcane straw Dilute sulfuric acid 3.70 18.60 3.90 2.23 0.33 0.57 [36]
Sorgham straw Dilute sulfuric acid 2.10 17.69 1.81 1.87 0.04 1.56 [37]
Rice straw Dilute sulfuric acid 2.5 15.05 3.9 0.57 0.17 [38]
Sunflower meal Dilute sulfuric acid 24.98 26.55 6.51 0.58 0.40 0.09 3.04 [39]
Sugarcane baggase Autohydrolysis 0.07 3.27 0.86 1.39 0.7 0.02 [40]
Brewerys spent grain Autohydrolysis 5.2 14.9 6.20 1.31 0.64 0.05 1.32 [41]
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thermochemical force is exerted by the water causing the 
biomass to rupture [50]. Liu and Chen [51] stated that the 
combined steam explosion and enzymatic digestion of corn 
stover resulted in 62.8% yield of xylose.

7  Detoxification of hemicellulosic 
hydrolysate

Fermentative xylitol production does not necessarily require 
xylose purification as this process is biologically selective. 
However, pretreatment may give rise to many toxic com-
pounds which may hamper the growth of microorganisms; 
thus, there is a need of detoxification step for effective con-
version of xylose to xylitol.

The degree of tolerance of inhibitors is dependent on 
inhibitor’s concentration, microorganism used and its degree 
of adaption, the presence of other inhibitors, and the fermen-
tation process employed [25]. Phenolics which are formed 
due to the partial degradation of lignin are major inhibi-
tors during acid hydrolysis. They damage the integrity of 
biological membrane [10]. Some common phenols include 
dihydroconiferyl alcohol, 4-hydroxybenzoic acid, coniferyl 
aldehyde, syringaldehyde, 4-hydroxybenzaldehyde, vanil-
lin, and syringic acid [52]. There is an inverse relationship 
between the molecular weight of phenols and toxicity on 
yeasts. The toxicity of phenols is higher in comparison to 
carboxylic acids and furans as they can easily penetrate cell 
membrane because of their low molecular weight [53].

During acid hydrolysis, high temperature, pressure, and 
longer residence time result in degradation of xylose and 
hexose, which then form furfural and 5-HMF respectively. 
Both compounds alter the biological and enzymatic activi-
ties of microorganism, damages DNA, and restrict the syn-
thesis of proteins and RNA [10]. Acetic acid formation takes 
place due to the dehydration of acetyl group in hemicellulose 
without any exception; therefore, there is a need of neutrali-
zation or detoxification before further steps [52]. Acetic acid 
enters the cell in undissociated form. It is further dissociated 
due to intracellular pH, which in turn increases acetate ions 
and protons concentration, and thus affects the proton gra-
dient involved in energy production and nutrient transport 
[54, 55]. Apart from acetic acid, other acids like levulinic, 
acrylic acid and formic acid are generated by either HMF 
breakdown or by deacetylation of hemicellulose [52].

Besides the inhibitors generated from sugars and lignin, 
trace elements like iron, chromium, copper, and nickel may 
be present, from either soil, pretreatment reactor, or biomass 
and that may inhibit the growth of xylitol-producing micro-
organisms [54].

Various methods can be employed to reduce the concen-
tration of toxic compounds depending upon raw materials, 
microorganisms employed, and on the hydrolytic process 

[10]. Detoxification methods like activated charcoal adsorp-
tion, neutralization, liquid, pH adjustment, overlimiting, bio-
logical detoxification, membrane separation, nanofiltration, 
extraction, electrochemical detoxification, and ion-exchange 
resins have been recently reviewed [10, 52].

Activated charcoal detoxification method is low cost and 
widely used since centuries. There have been several litera-
tures which have reported the use of activated charcoal for 
various purification processes.

Sago trunk hydrolysate was detoxified via activated 
charcoal which reduced furfural and phenolic compounds 
by 53% and 78% respectively and improved the yield of 
xylitol [56]. Another recent study also reported that when 
acid hydrolysed corn cob was treated with activated char-
coal, xylose content loss was less than 1% [57]. Combined 
pH adjustment and activated charcoal adsorption resulted 
in removal of 72.9% of 5-HMF, 89.3% of furfural, 35.6% of 
acetic acid, and 34.3% of phenolic compounds [58]. Kumar 
et al. [59] studied the effect of ion-exchange resin detoxifica-
tion method on corncob hydrolysate and reported that resin 
treatment effectively removed 70% of phenolic content and 
5-HMF and 70% of nitrate salt.

Recently, studies have been performed to entirely remove 
the detoxification step from the biotechnological route. This 
can be achieved either by improving the pretreatment meth-
ods in a way that the generation of toxic compounds is neg-
ligible, or by immobilization and adaptive evolution. Mishra 
and Ghosh [60] proposed modified fractional hydrolysis 
method, which yielded the maximum fermentable sugars in 
a separate fraction with minimum toxics generation. Four 
acids were selected  (HNO3,  H2SO4,  H3PO4, and HCl) for 
8-stage fractional hydrolysis.  H2SO4 resulted in maximum 
extraction of pentose and hexose sugars with minimum toxic 
compounds generation. Jiang et al. [61] stated that after cell 
adaption and multiple recycle of the strain Candida maltose, 
high xylitol yield and productivity (0.73  gg−1 and 2  gl−1  h−1 
respectively) were obtained from corncob. Pereira et al. [62] 
in their studies reported that the presence of ferulic acid, ace-
tic acid, and syringaldehyde may influence the metabolism 
of Candida guilliermondii; however, their toxicity depended 
upon their concentration, hence complete removal of these 
compounds may not be required for effective xylitol produc-
tion. Perna et al. [63] conducted a study about the tolerance 
of Meyerozyma guilliermondii towards inhibitors, and they 
found that the acetic acid (initial concentration 5  gL−1) was 
consumed as a substrate with fermenting sugars even in the 
presence of furfural. Immobilization of Candida tropicalis 
using calcium alginate could enhance the bioconversion of 
untreated and nondetoxified corncob hydrolysate to xylitol 
(yield 0.73  gg−1 and productivity 0.43  gL−1  h−1) [64]. For 
industrial production, the inclusion of detoxification step 
be a trade-off between cost of detoxification and profit on 
xylitol production efficiency.
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8  Microorganisms and metabolic pathway

Xylitol production from the biological route is based on 
xylose assimilation in those microorganisms that have abil-
ity to ferment pentose. Microorganisms like fungi, bacteria, 
and yeast can convert both types of xylose either synthetic 
or the one in hydrolysate from lignocellulosic biomass to 
xylitol. Xylitol production by fungi and bacteria is com-
paratively less reported than that of yeast. A few bacteria, 
like Corynebacterium, Enterobacter liquefaciens sp., Glu-
conobacter oxydans, and Mycobacterium smegmatis, have 
been reported that convert xylose to xylitol [65]. Seventeen 
cultures of bacteria of genera Cellulomonas, Serratia, and 
Cornynebacterium were screened by Rangaswamy and 
Agblevor [66] for xylitol production. Corynebacterium sp. 
strain produced maximum xylitol with the yield of 0.57 
 gg−1 within 24 h from 75  gL−1 initial xylose concentration. 
Studies with filamentous fungi are very few. However, some 
researchers have reported that fungi like Hypocrea jecorina 
[67] and Trichoderma reesei [68] produced some amount 
xylitol. Among 11 fungi of genera Penicillium and Aspergil-
lus, Penicillium crustosum resulted in maximum xylitol yield 
of 0.045  gg−1 [69].

Yeasts are considered as one of the best xylitol-producing 
organisms because of high assimilation rate of pentose sug-
ars and high productivity when compared to bacteria and 
fungi. Xylitol is an intermediate product in the xylose meta-
bolic pathway of the yeasts. Reduction and oxidation are 
two steps involved in xylose metabolism (Fig. 2). Firstly, 
D-xylose is transported across the cell membrane and 
subsequently gets reduced to xylitol via xylose reductase 
which is NAD(P)H-dependent enzyme (XR; EC 1.1.1.21). 
It further gets oxidized into xylulose via  NAD+-dependent 
xylitoldehydrogenase (XDH; EC 1.1.1.9) before undergoing 
phosphorylation into xylulose-5-phosphate via xylulokinase 
(XK) [11]. Both steps are the rate-determining steps. Xylose 
reductase and xylitoldehydrogenase are the main enzymes 
that are involved in fermentation of xylose and xylitol pro-
duction. Oxygen availability and its transfer rate play a vital 
role in regeneration of the cofactors. At higher oxygen level, 

oxidation of NADH to  NAD+ takes place that results in the 
formation of xylulose. At lower oxygen level, NADH can-
not be completely oxidized by electron transport system. 
Thus, restricting the activity of XDH eventually promotes 
the accumulation of xylitol but at the same time it affects cell 
growth and energy production. The accumulation of xylitol 
leads to the reduction in carbon flow through the pentoses 
phosphate pathway, which is the central metabolic path-
way responsible for NADH regeneration and subsequently 
affecting xylose reductase [11]. Thus, it can be concluded 
that supply of oxygen plays an important role in xylitol 
production.

Among the different xylitol-producing yeasts, the best 
xylitol producers are from genus Candida. Literatures have 
reported the conversion efficiencies of wild type Candida 
nearly 86 ± 1% for xylitol production. With this type of 
organism, the availability of oxygen is the key factor from 
D-xylose. Yablochkova et al. [70] evaluated the activity of 
XDH and XR in 11 species of yeast that included Pichia, 
Candida, Kluyveromyces, Pacchysolen, and Torulopsis. 
They reported that Candida tropicalis Y456 showed the 
highest specific activity (6.57 μmol  min−1mgprotein−1) of 
XR. Misra et al. [71] screened 18 strains of yeast for xylitol 
production and found out that the Candida yeasts were the 
better producer of xylitol. More reported examples related to 
yield and productivity will be cited in the following sections.

9  Growth conditions

There are many factors that may affect the growth of micro-
organisms. To optimize these factors, certain conditions 
specific to each microorganism are needed to be adjusted. 
pH, temperature, inoculum concentration, aeration rate, 
and nutrients (nitrogen, carbon, and salts, etc.) are some of 
the widely studied factors that may influence the microbial 
growth. Effective control of these parameters plays a signifi-
cant role in obtaining a good quality product. Many studies 
have focused upon optimal growth conditions for effective 
xylitol production and some are discussed below.

Fig. 2  Xylose metabolic pathway in yeasts (based on [4])
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9.1  pH and temperature

Yeasts usually have a wide range of tolerance for pH 
variation from pH 2.5 to 8.0 [72]. pH plays a vital role 
in transport of xylose and maintains the protonation state 
of XR for its smooth catalytic activity [11]. Most of the 
xylitol-producing yeasts are reported to grow within the 
temperature range of 30–38℃. However, in few cases, 
there may be the requirement of high temperatures. 
One such yeast is Kluyveromyces marxianus which is 
highly thermotolerant that makes it different from other 
organisms involved in the fermentation studies. This is 
due to the faster enzymatic reactions and comparatively 
lower risk of contamination by other organisms [73]. 
(Rodrussamee et al. [74] studied the effect of temperature 
(30 °C, 40 °C, and 45 °C) on Kluyveromyces marxianus 
DMKU3-1042 for ethanol and xylitol production. Growth 
of cell and consumption of sugar were seen at all the 
temperatures. At 40 °C, production of xylitol was more 
than at 30 °C (7.0 g  L−1 and 2.5 g  L−1 respectively). From 
Indian distillery Wilkins et al. [75], isolated strains of K. 
marxianus (IMB2, IMB3, and IMB4)). They conducted 
experiments to observe the effect of varying pH values 
(4.5, 5.0, and 5.5) and high temperatures (40–45 °C) on 
the growth of three strains. It was found that at 45 °C and 
initial pH of 4.5 or 5, yeast strains IMB2 and IMB5 gave 
the highest yield of xylitol. da Silveiraet al. [76] conducted 
pH values (3–10) and temperatures (25–45 °C) study for 
xylitol production by newly isolated M. guilliermondii 
UFV-1. The optimum growth conditions for the strain 
were pH 8 and temperature 30 °C, although it continued 
to grow over the wide pH range till 45 °C. The optimal 
growth temperature and pH of Candida kefyr (ATCC 
38,296) were studied using response surface methodology 
and obtained the values as 28.15ºC and 6.05 respectively 
[77]. Morais Junior et al. [72] selected 7 new Candida 
strains out of which C. tropicalis JA2 produced maximum 
xylitol. Using this strain, pH studies were done by adjusting 
pH of media to 4.6, 5.5, 6.0, 6.4, and 7.0. It was observed 
that all the xyloses were consumed at pH 6.4 after 42 h, 
whereas 87.5% of the sugar was consumed at pH 5.5, 6, 
and 7. There was reduction in xylose consumption by 22% 
at pH 4.6. After the optimization of all the factors, the yield 
for xylitol production was 0.86 and xylitol concentration 
was 109.5  gL−1. Many studies regarding xylitol production 
with Candida tropicalis have employed the temperature 
of 30–36 °C. Ping et al. [34] used C. tropicalis CCTCC 
M2012462 at 35 °C to produce xylitol from corncob with 
the productivity of 0.461  gL−1  h−1. Misra et al. [78] also 
used C.tropicalis to produce xylitol (11.89  gL−1) from 
corncob hydrolysate at 30 °C.

9.2  Carbon source

Lignocellulosic materials offer renewable, cheap, and abun-
dant supply of carbon sources for manufacturing commer-
cially valuable products. Sugarcane bagasse, corncobs, rice 
straw, cashew bagasse, sorghum, and sawdust are generally 
used as cheap substrate for microorganisms. The xylose 
obtained after the hydrolyses of hemicellulosic fraction is 
fermented to xylitol. Unrean and Ketsub [33] used sugarcane 
bagasse as substrate for the efficient coproduction of ethanol 
and xylitol with 0.44  gg−1 and 0.5  gg−1 yield respectively, 
thus demonstrating the integrated biorefinery approach. The 
utilization of corncob as a carbon source to produce xylitol 
has been reported in many studies [59, 61, 79]. Kumar et al. 
[57] used corncob to produce xylitol by Candida tropica-
lis MTCC 6192. With the maximum xylose recovery (56.4 
 gL−1) obtained after subjecting the acid pretreated hydro-
lysate to combined detoxification methods (activated char-
coal, membrane process, and ion-exchange resin process), 
0.62  gg−1 yield of xylitol was achieved. Recently, use of 
some novel carbon sources have also been reported. For 
instance, Abdul Manaf et al. [80] have used oil palm frund 
(OPF) as the potential carbon source for xylitol production. 
Upon subjecting it to mild nitric acid treatment, 18.4 g of 
xylose per 100 g of OPF was recovered. The obtained hydro-
lysate was then fermented by K. marxianus ATCC 36,907 
which yielded 0.35  gg−1 xylitol. Xylitol and ethanol were 
simultaneously produced from cashew bagasse hydrolysate 
using Kluyveromyces marxianus CCA510, and xylitol con-
centration of 4.17  gL−1 was achieved [73]. Apart from ligno-
cellulosic materials, artificial media containing xylose have 
also been used as main carbon source in many literatures. 
Srivani and Pydi Setty [81] used C. parapsilosis NCIM-3323 
to ferment synthetic xylose to produce xylitol. After optimi-
zation of different process parameters (pH 3.5, temperature 
30 °C, and initial xylose concentration 60  gL−1), 28.14  gL−1 
of xylitol production was achieved.

9.3  Co‑substrate

The utilization of co-substrate is a promising strategy for 
overcoming the NADPH regeneration constraint and subse-
quently its adverse impact on xylose conversion to xylitol. 
For production of xylitol, xylose is consumed under limited 
oxygen availability, which eventually has a negative impact 
on supply of NADPH and carbon intermediates. To improve 
the production of xylitol, use of supplementary carbon 
source is potential strategy. Apart from the carbon sources, 
the agro-industry byproducts can also be utilized as vita-
mins, nitrogen, and mineral sources which may bring down 
the cost of process. However, major studies on co-substrate 
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utilization have been done using defined and semi-defined 
media. Tamburini et al. [82] used glucose, galactose, and 
maltose to study their influence on specific activity level 
of XR and XDH. It was found that glucose inhibited the 
reduction of xylose, whereas galactose induced utilization 
of xylitol for cell growth. Low concentration of maltose 
enhanced the biomass growth and xylitol accumulation sig-
nificantly. In the co-substrate studies by Arruda and Felipe 
[83], glycerol was used as an additional substrate to produce 
xylitol by Candida guillermondii. Upon the addition of glyc-
erol (0.7  gL−1) to semi-defined media consisting xylose, the 
xylitol productivity of 1.13  gL−1  h−1 with 0.78  gg−1yield was 
achieved. It also promoted the cellular growth.Hernández-
Pérez et al. [84] utilized different sugars like sucrose, glyc-
erol, and maltose as co-substrates to enhance the bioconver-
sion of sugarcane straw hydrolysate into xylitol via Candida 
guilliermondii FTI20037. Xylose uptake rate was improved 
by 8.8% and 6.8% upon addition of 10  gL−1 sucrose and 0.7 
 gL−1 glycerol respectively. It was also observed that only 
sucrose addition increased the xylitol concentration to 36 
 gL−1. It was concluded that the process of xylitol production 
could be effective and economical by employing sucrose 
derived from lignocellulosic substrates. Recently, Pappu and 
Gummadi [85] developed a cybernetic model for estimation 
of xylitol production by Debaryomyces nepalensis NCYC 
3413. The combination of 10  gL−1 of glucose and 90  gL−1 
of xylose produced the maximum xylitol of 56.42  gL−1 with 
productivity 0.6  gL−1  h−1.

9.4  Aeration

Aeration is an important factor in the production of xylitol. 
Oxygen availability determines whether xylose metabolic 
pathway will be shifted to respiration or fermentation, thus 
controlling the consumption of carbon for growth and bio-
conversion. Recently, there has been a shift towards two-
stage aeration from one-stage aeration for improving the 
xylitol production. In two-stage aeration, the first stage 
involves high aeration rate to attain high biomass concen-
tration and second stage involves low aeration rate to pro-
duce high concentration of xylitol. Raj and Krishnan [86] 
recently optimized the two-stage aeration process for xylitol 
production using synthetic media by Candida tropicalis. The 
aeration rate for initial 12-h fermentation was 3.33 vvm. 
It was subsequently reduced to 0.33 vvm that resulted in 
0.85  gL−1  h−1 xylitol productivity with 0.85 g/g yield. Misra 
et al. 2013 [78] also studied two-stage aeration on corncob 
hydrolysate using Candida tropicalis. At initial aeration rate 
of 0.7 vvm for 24 h followed by 0.3 vvm for 36 h, 0.58 
 gg−1 yield and 0.283  gL−1  h−1 productivity were observed. 
In another study for producing xylitol from corncob hydro-
lysate via Debaryomyces hansenii, two-stage aeration with 
0.29 vvm at the initial time of fermentation and subsequently 

0.096 vvm resulted in 0.39  gg−1 yield and 0.236  gL−1  h−1 
productivity of xylitol [87]. Influence of agitation and aera-
tion upon xylitol production by Kluyveromyces marxianus 
using tamarind seed was evaluated. At 0.1 vvm aeration rate 
in semi-anaerobic condition and agitation at 100 rpm, the 
xylitol yield of 0.71  gg−1 was reported [88].

9.5  Nitrogen source

Yeast extract, peptone, and urea are some of the most com-
mon organic nitrogenous sources whereas sources like 
ammonium nitrate, ammonium chloride, and ammonium 
sulfate are most common inorganic ones.

Among the two, organic sources are better as they have 
positive influence on cellular growth of xylitol-producing 
microorganisms. de Albuquerque et al. [73] studied the 
impact of various nitrogen sources on production of xylitol 
via K. marxianus CCA510 from cashew apple bagasse. 
Out of the three selected nitrogen sources, i.e., ammonium 
sulfate, urea, and yeast extract, addition of urea resulted in 
higher xylitol production (12.27  gL−1, which was around 
18% higher than that of control) whereas higher biomass 
production was obtained with yeast extract (12.93  gL−1) fol-
lowed by ammonium sulfate (10.58  gL−1) and urea (10.43 
 gL−1). Zhang et al. [89] also evaluated the influence of nitro-
gen sources on xylitol production by Candida athensensis 
SB18 from horticultural waste. The medium was added 
with various nitrogenous sources like ammonium nitrate, 
casamino acid, ammonium sulfate, and urea. It was observed 
that addition of urea improved the xylose conversion with 
higher yield of 0.75  gg−1.

10  Various fermentation configurations

For efficient xylitol production, many different modes of 
fermentation like batch, continuous, fed-batch, and recycle 
have been reported in recent years. There are different types 
of bioreactors like stirred tank, fluidized bed, airlift, and 
basket-type stirred tank reactor which utilize free, immo-
bilized, and adapted cells for desired product formation. 
Table 4 summarizes the studies on xylitol production in 
different types of bioreactors. Studies on bioreactors and 
their mode of operations play a significant role in scaling 
up the process for xylitol production. Bioreactors provide a 
conducive environment for controlling fermentation param-
eters like dissolved oxygen concentration, temperature, and 
pH which regulates the biomass growth and subsequently 
enhances the production of xylitol. Table 5 summarizes the 
recent studies on xylitol production by wild strains of yeast 
with different configurations. In the following section, dif-
ferent modes of operations involved during the fermentation 
by xylitol-producing organisms are reviewed.
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10.1  Batch configuration

This configuration is widely used to produce xylitol as it 
is simple to operate and contamination can be controlled 
easily. Most of the studies of batch configurations are done 
at the flasks level. Xu et al. [106] conducted the shake flask 
xylose fermentation via C. tropicalis 31949 from sugarcane 
bagasse to evaluate the effect of inoculum amount, initial 
xylose concentration, and inoculum quantity. The optimum 
conditions were determined as follows: initial xylose con-
centration 100 g/l inoculum age 26 h and inoculum amount 
10% which produced 62.98  gL−1 xylitol. Morais Junior 
et al. [72] also did shake flask study to optimize the differ-
ent growth parameters for producing xylitol via C. tropi-
calis JA2 from sugarcane bagasse. Fermentation under the 
optimal conditions resulted in xylitol concentration, yield, 
and productivity of 109.5  gL−1, 0.86  gg−1, and 2.81gL−1  h−1 
respectively.Jia et al. [79] also reported the xylitol yield as 
0.77  gg−1and productivity 2.45  gL−1   h−1 after carrying 
out the shake flask fermentation of pretreated (combined 
tetrabutylammonium hydroxide extraction and acid hydroly-
sis) corncob hydrolysate by Candida troplicalis. Apart from 
shake flask studies, batch configuration has been applied in 
bioreactors for efficient production of xylitol. Vaz de Arruda 
et al. [100] studied the fermentation using bench and pilot 
scale bioreactors to produce xylitol via Candida guillermon-
dii from sugarcane baggasse.  kLa (16  h−1) was chosen as the 
scale-up parameter and was applied in 2.4 L, 8 L, and 125 
L reactors. All the experiments from bench to pilot scale 
level demonstrated a minimum yield of 0.6  gg−1. In all the 
fermentations, similar productivity values were observed 

(about 0.31gl−1  h−1), thus indicated that it was independent 
of reactor capacity. However, xylitol yield in 125 L reactor 
was 0.55  gg−1, almost 17% lesser than the yield for bench 
reactor (0.66  gg−1). Kumar et al. [59] fermented detoxified 
(ion-exchange resin) corncob hydrolysate via Candida tropi-
calis MTCC 6192 to produce xylitol. Xylose fermentation 
was conducted 14 L stirred tank bioreactor. After 90 h of 
batch fermentation, the highest xylitol yield and concen-
tration obtained were 0.6  gg−1 and 29.6 g/L respectively. 
Zhang et al. [89] utilized hemicellulosic hydrolysate from 
horticultural waste to produce xylitol via Candida athensen-
sis SB18. The fermentation process was done in 2 L stirred 
tank reactor by setting air flow rate, agitation speed, and 
temperature to 0.7  Lmin−1, 200 rpm, and 30 °C respectively. 
The maximum xylitol concentration obtained was 100  gL−1 
with yield 0.89  gg−1 and 0.98  g−1  h−1 productivity.

10.2  Fed‑batch configuration

In this configuration, substrate and nutrients are fed to reac-
tor while no product leaves out of it. Problems related to 
substrate inhibition and cell growth can be resolved due to 
the controlled feeding rate. This strategy can be adopted 
for enhancing the productivity. Unrean and Ketsub [33] 
compared the batch and fed-batch configuration in shake 
flask for coproduction of xylitol and ethanol using sugar-
cane bagasse using Candida tropicalis and Saccharomyces 
cerevisiae respectively. The ethanol and xylitol concentra-
tion obtained in batch configuration were  41gL−1 and 6.8 
 gL−1. To enhance the yield of ethanol and xylitol, fed-batch 
with pulse feeding of pretreated bagasse and hemicellulose 

Table 4  Xylitol production in different types of bioreactors

ALR, air-lift reactors; BCB, bubble column bioreactor; FBR, fluidized bed bioreactor; MB, membrane bioreactor; STR, stirred tank reactor; SMB, 
submerged membrane bioreactor

Substrate Microorganism Bioreactor Mode of operation Titer  (gl−1) Yield  (gg−1) Produc-
tivity 
 (gL−1  h−1)

Reference

Sugarcane bagasse P. fermentans (Chemical-based 
mutagenesis)

STR Batch 79.0 0.54 0.47 [90]

D-xylose D. nepalensis NCYC 3413 STR Batch 59.4 0.58 0.76 [91]
D-xylose D. hansenii immobilized in Ca-

alginate
ALB Fed-batch 139 0.71 0.43 [92]

Sugarcane bagasse C. guilliermondii FTI 20,037 
immobilized in calcium-
alginate

BCB Batch 22.38 0.37 0.21 [93]

Rice straw C. guilliermondii FTI 20,037 STR Batch 45.4 0.65 1.01 [94]
D- Xylose C. tropicalis KCTC 10,457 SMB Cell recycle (10 rounds) 182 0.85 12 [95]
Sugarcane bagasse C. guilliermondii FTI 20,037 

immobilized on porous glass 
bead

FBR Batch 10.6 0.25 0.44 [96]

Rice straw C. guilliermondii FTI 20,037 STR Batch 71.4 0.84 0.18 [97]
D-xylose C. guilliermondii IMAJFRJ MB Continuous 38 0.79 1.14 [98]
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Table 5  Recent studies on xylitol production by wild strains

Substrate Microorganism Pretreatment Detoxification 
method

Configuration Titer  (gl−1) Yield  (gg−1) Produc-
tivity 
 (gL−1  h−1)

Reference

Sugarcane 
bagasse

K. marxianus 
IIPE453 
MTCC 5314

Acid hydrolysis NA Batch, 5L STR, 
pH 6–6.5, rpm 
300, 1vvm, 
Temp 45℃

25.60 0.42 0.24 [99]

Corn cob C.tropicalis 
MTCC 6192

Dilute acid 
hydrolysis

Ion-exchange 
resin

Batch, 14L 
STR, pH 5, 
rpm: 150–175, 
0.5–0.25 vvm, 
30℃

33.40 0.66 1.20 [59]

Rapeseed straw C. guilliermon-
dii FTI 20,037

Dilute acid 
hydrolysis

Activated char-
coal, vacuum 
concentration, 
ion-exchange 
resin, solvent 
extraction

Batch, shake 
flask, pH 5, 
Temp 30℃, 
200 rpm

20.20 0.54 0.14 [35]

Corn cob C. tropicalis 
CICC1779

Combined 
tetrabu-
tylammonium 
hydroxide 
and extraction 
dilute acid 
hydrolysis

pH adjustment, 
activated char-
coal treatment

Batch, shake 
flask, pH 6, 
temp 30℃, 
200 rpm

- 0.77 2.45 [79]

Sugarcane 
bagasse

C. guilliermon-
dii FTI 20,037

Dilute acid 
hydrolysis

Vacuum con-
centration pH 
adjustment

Batch 125 L 
STR pH 5.5, 
temp 30℃, 
150 rpm, 0.1 
vvm

41.80 0.66 0.29 [100]

Sugarcane straw C. guilliermon-
dii FTI 20,037

Dilute acid 
hydrolysis

Vacuum 
filtration, pH 
adjustment, 
activated 
charcoal

Batch, shake 
flask, pH 5.5, 
temp 30℃, 
200 rpm

16.20 0.67 0.34 [36]

Sugarcane 
bagasse

C. tropicalis Auto hydrolysis pH adjustment, 
ion-exchange 
resin, activated 
charcoal

Batch, shake 
flask, pH 5, 
temp 30℃, 
200 rpm

32.00 0.46 0.27 [40]

Rice straw C. tropicalis 
NCIM 3119

Combined acid 
and enzymatic 
hydrolysis

pH adjustment, 
activated 
charcoal, 
ion-exchnage 
resins

Continuous, 5L 
membrane 
bioreactor, pH 
5, temp 30℃, 
300 rpm, D 
0.03L/h

31.00 0.78 - [38]

Poplar C. guilliermon-
dii FTI 20,037

Dilute acid 
hydrolysis

Vacuum evapo-
ration, solvent 
extraction

Batch, shake 
flask, pH 5, 
temp 32℃, 
150 rpm

28.30 0.59 0.81 [101]

Sugarcane 
bagasse

K. marxianus 
ATCC 36,907

Dilute acid 
hydrolysis

pH adjustment, 
precipitation, 
vacuum filtra-
tion

Batch, shake 
flask, pH 5.5 
temp 30℃, 
200 rpm

9.40 0.40 0.10 [102]

Corn cob C. tropicalis 
CCTCC 
M2012462

Dilute acid 
hydrolysis

NA Fed batch, 5 l 
STR, pH 5, 
temp 35 ℃, 
200 rpm, 
0.4vvm

38.80 0.70 0.46 [34]
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hydrolysate was applied which resulted in the maximum 
ethanol and xylitol concentration as 56.1  gL−1 and 24  gL−1 
respectively. Ping et  al. [34] fermented untreated corn-
cob hydrolysate to produce xylitol via Candida tropicalis 
CCTCC M2012462. Fermentation experiments were con-
ducted in 5L bioreactor using fed-batch configuration at 
35 °C and 200 rpm. After 84 h, the maximum xylitol con-
centration, yield and productivity were 38.8gL−1, 0.7  gg−1, 
and 0.46  gL−1  h−1 respectively. Li et al. [103] proposed a 
double-stage fed-batch configuration to suppress the nega-
tive effects of inhibitory compounds during fermentation 
of corncob via Candida tropicalis to produce xylitol. The 
fermentation process was done in 3.7 L bioreactor. The 
two-stage fed-batch configuration resulted in xylitol con-
centration of 96.5  gL−1 with yield and productivity as 0.83 
 gg−1, 1.01  gL−1  h−1 respectively, 12.6% and 65.57% higher 
than that of batch configuration. Himabindu and Gummadi 
[107] produced xylitol by Debaromyces nepalensis using 
fed-batch mode. Xylose and nitrogenous source were fed 
intermittently and productivity of 0.43  gL−1  h−1 with 0.64 
 gg−1 yield. Sirisansaneeyakul et al. [108] employed high-
cell density culture of Candida magnoliae TISTR 5663 
for xylitol production by repeated fed-batch configuration 
in a 2 L stirred tank bioreactor under limited oxygen con-
dition (aeration rate 1.0 vvm and agitation rate 300 rpm). 
The xylose and nitrogen were fed which resulted in xylitol 
yield of 0.727, 0.719, and 0.720  gg−1, respectively. The final 
concentration of xylitol ranged between 235 and 284  gL−1 
and an average productivity was 1.149  gL−1  h−1 in the total 
duration of 750 h.

10.3  Continuous configuration

Continuous configuration helps in maintaining high pro-
ductivities for extended periods of time as it substantially 
eliminates the idle times for discharge, charge, sterilization, 

and cleaning of vessel. Several growth-related parameters 
of microorganism could be easily regulated and monitored. 
For instance, the specific growth rate of organism can be 
controlled easily by changing the dilution rate at the steady 
state. The estimation of process parameters that affects the 
fermentation process like aeration rate is also possible with 
ease. It also offers extra stability in synthesis of products, 
henceforth many bioreactors have been operated at continu-
ous mode to produce xylitol. Martínez et al. [109] fermented 
sugarcane baggase hydrolysate in a 1.25 L stirred tank reac-
tor by Candida guilliermondii FTI 20,037. The maximum 
xylitol productivity of 0.7  gL−1  h−1 and yield of 0.58  gg−1 
was achieved by employing lower  kLa values of 10 and 
20  h−1. Martínez et al. [110] also studied the influence of 
dilution rate and pH upon xylitol production by Candida 
guilliermondii FTI 20,037 in continuous configuration using 
sugarcane baggase hydrolysate. The maximum xylitol con-
centration of 28.7  gL−1 with 0.63  gg−1 yield was obtained by 
adjusting dilution rate,  kLa, and pH to 0.01  h−1, 30  h−1, and 4 
respectively. Zahed et al. [38] studied combined xylitol and 
ethanol production in a membrane bioreactor by fermenting 
rice straw hydrolysate using Candida tropicalis NCIM 3119 
and Saccharomyces cerevisiae NCIM 3090 respectively. The 
continuous mode produced 55  gL−1 of ethanol and  31gL−1 
of xylitol in comparison to the batch mode, where the con-
centration of ethanol and xylitol were 33.4  gL−1 and 25.1 
 gL−1 respectively. For sequential production of lactic acid 
and xylitol from vine shoot trimmings Salgado et al. [111] 
combined 2L and 10L CSTRs. After adjusting the dilution 
rate to 0.043  h−1, maximum xylitol yield and productivity 
of 0.55gg−1 and 0.218gL−1  h−1 respectively were achieved.

Continuous fermentation process also utilizes the immo-
bilized cells as they offer good stability with high productiv-
ity, high cell density, and reusability. Ding [112] produced 
xylitol using immobilized cells of Candida sp. ZU04 in flu-
idized bed bioreactor from corn cob hydrolysate. Initially 

Table 5  (continued)

Substrate Microorganism Pretreatment Detoxification 
method

Configuration Titer  (gl−1) Yield  (gg−1) Produc-
tivity 
 (gL−1  h−1)

Reference

Corn cob C. tropicalis As 
2.1776

Dilute acid 
hydrolysis

pH adjustment, 
activated 
charcoal

Fed batch, 3.7L 
STR, pH 5.5, 
temp 35℃, 
200 rpm, 
0.4vvm

96.50 0.83 1.01 [103]

Corn cob C. tropicalis 
W103

Dilute acid 
hydrolysis

Overliming, 
vacuum con-
centration

Fed batch, 1L 
STR, pH 6, 
temp 35℃, 
500 rpm

68.40 0.70 0.95 [104]

Corn cob C. tropicalis 
HDY-02

Dilute acid 
hydrolysis

Overliming, 
vacuum con-
centration

Fed batch, 5L 
STR, pH 6, 
temp 35℃, 
200 rpm

58.00 0.73 0.74 [105]
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higher aeration rate (1.00 vvm) was set to accelerate the 
glucose consumption that resulted in rapid increase of cells 
in alginate within 24 h. The biomass in alginate increases 
rapidly within first 24 h due to the fast consumption of glu-
cose at high aeration rate of 1.00 vvm. In the second phase, 
when aeration was lowered down to 0.3 vvm, xylitol pro-
ductivity and yield were enhanced to 0.84  gL−1  h−1and 0.73 
 gg−1 respectively. Soleimani and Tabil [113] compared the 
bioconversion productivities of immobilized and free cells 
of C. guilliermondii FTI 20,037 for producing xylitol using 
oat hulls. When the continuous fermentation was done with 
free cells at 1.25 vvm, xylitol yield, productivity, and con-
centration obtained were 0.87  gg−1, 0.57  gL−1  h−1, and 55 
 gL−1. These results were almost comparable to the continu-
ous fermentation employing immobilized cells.

10.4  Cell recycle

For the improvement of yield and productivity of a bio-
process, there is a requirement of running the bioreactors 
with high cell concentration than in traditional batch, fed 
batch, and continuous modes. Cell immobilization, recycle 
with centrifugation, and membrane-based recycle system 

have been efficiently employed to maintain the high cell den-
sity in bioreactors. Choi et al. [114] carried out cell recycle 
using hollow fiber membrane in the batch fermentation by 
Candida tropicalis for xylitol production. The optimized 
cell-recycle fermentation produced xylitol with yield, pro-
ductivity, and concentration of 0.82  gg−1, 4.94  gL−1  h−1, and 
189  gl−1 respectively. These results were 2.2 times higher in 
final concentration of product and 1.3 times higher in xylitol 
productivity compared with the batch culture.Kwon et al. 
[95] stated that the isolated strain Candida tropicalis KCTC 
10,457 which was able to produce the xylitol in the fed-
batch configuration with the productivity of 4.88  gL−1  h−1. 
In order to enhance the productivity of xylitol, the cells were 
recycled using submerged membrane bioreactors. After 10 
rounds of recycle, very high yield and productivity of 0.85 
and 12  gL−1  h−1 respectively were achieved. Cunha et al. 
[115] carried out repeated batch with cell recycle using 
entrapped cells of Candida guillermondii for xylitol pro-
duction. After the third cycle, the maximum xylitol yield, 
concentration, and productivity were 0.77  gg−1, 39.7gL−1, 
and 0.53  gl−1  h−1 respectively were obtained. Figure 3 illus-
trates the different fermentation configurations for xylitol 
production.

Fig. 3  Schematics of different fermentation configurations. a Batch. b Fed-batch. c Continuous. d Cell recycle
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11  Prospect of metabolic engineering 
for improving xylitol production

Xylitol-producing wild strains have exhibited good 
productivity from different lignocellulosic biomass. 
However, interventions targeting the modification of 
strains by metabolic engineering can potentially improve 
xylitol production. Although there has been progress 
made in metabolic engineering techniques, developing 
an unchanging and tolerant recombinant strain is one of 
the primary challenges that needs to be resolved. Some 
factors governing gene modification include XDH gene 
suppression, XR enzyme expression, co-factors availability, 
and heterologous xylose transporter expression. Partial or 
complete suppression of XDH gene can stop the xylitol to get 
oxidized into xylulose henceforth increase its accumulation 
[116]. This technique not only enhances the productivity but 
also diminishes the requirement of regulating the oxygen 
supply. However, for maintaining the cell growth, there is 
need of additional substrate along with xylose. Ko et al. [117] 
designed a mutant of Candida tropicalis by disrupting XDH 
gene. Addition of glycerol to xylose during the fermentation 
resulted in xylitol yield and productivity of 0.97  gg−1 and 3.2 
 gL−1  h−1 respectively. In another study by Pal et al. [118], 
mutant Debaryomyces hansenii was constructed after removal 
of XDH gene. In case of mutant, xylitol concentration was 
2.5 times higher than that of native strain. XR is the main 
enzyme that is involved in the conversion of xylose to 
xylitol. Its activity can be increased by either improving the 
expression of innate enzyme or by inserting the heterologous 
gene [119]. Inclusion of robust constitutive promoter like the 
glyceraldehyde-3-phosphate dehydrogenase can improve XR 
expression [30]. Jeon et al. [120] constructed mutant Candida 
tropicalis by incorporating highly efficient XR codon from 
Neurospora crassa using pGAPDH promoter. Xylitol yield 
and productivity were increased by 62% and 73% respectively 
in comparison to the parent strain. Saccharomyces cerevisiae 
by itself cannot assimilate xylose; however, inclusion of genes 
of XR enzyme from Pichia and Candida has considerably 
improved the xylitol productivity of this strain [119, 121, 
122]. Xylitol production may also be improved by increasing 
the availability of cofactor NADPH that indirectly enhances 
activity of XR enzyme. Enzymes 6PGDH and G6PDH are 
aimed for genetic alterations as they promote the production 
of NAPDH [30]. Overexpression of enzyme G6PD in 
modified Saccharomyces BJ3505 strain enhanced the 
amount of NADPH and improved the productivity of xylitol 
by 20% [123]. Ahmad et al. [124] disrupted glycerol kinase 
and coexpressed gcy1, 2, 3 genes from Scheffersomyces 
stipites in BSXDH-3 strain to increase production of 
NADPH. Due to sumptuous amount of cofactor, the obtained 
xylitol productivity was 30% more than parent strain. The 

transportation of xylose into the cell may limit its assimilation 
and xylitol productivity. Both xylose and glucose strive 
for identical transport systems, which prefer hexoses over 
pentoses. Subsequently, assimilation of xylose is restricted due 
to the prior consumption of glucose. Jeon et al. [125] modified 
the recombinant Candida tropicalis by expressing xylose 
transporter gene (AT5G59250) derived from Arabidopsis 
thaliana. Fermentation of xylose glucose mixture by this 
recombinant strain exhibited 29% and 25% higher xylose 
consumption rate and xylitol productivity respectively than 
control strain. In another study, Kluyveromyces marxianus 
YZJ074 was modified by over expressing three transporter 
genes (CiGXF1), (KmFPS1), (CiGXS1) which converted 
almost 100% xylose to xylitol [126].

12  Xylitol recovery and downstreaming

Recovery of the product is of utmost importance for deter-
mining the feasibility and viability of any process. There is 
a requirement of minimum but efficient steps of downstream 
process so as to produce cost-effective product. There have 
been several literatures aiming at recovery of highly puri-
fied xylitol [127]. The technique of crystallization is widely 
adapted for downstreaming of xylitol after chemical cataly-
sis because pure xylitol is obtained in a single step with 
lower energy consumption in comparison to distillation and 
other purification routes [128]. Before crystallization, there 
may be the requirement of different purification steps, like 
clarification using activated charcoal, liquid–liquid extrac-
tion, ion-exchange chromatography, pH adjustment, mem-
brane separation, and precipitation, which is well reported 
in the literature. The recovery of xylitol is expensive and 
complicated because of its low concentration and fermen-
tation broth which consists of several impurities like cell 
debris, unreacted sugars (glucose, xylose and arabinose), 
and sugar alcohols like sorbitol and arabitol. Sampaio et al. 
[129] employed activated charcoal (20 g/l) for 1 h at 25 C 
for clarification of fermented broth which removed around 
69% of total proteins and 94% of the impurities. Xylitol was 
almost completely recovered in the fermentation medium. 
Kresnowati et  al. [130] carried out the xylitol purifica-
tion using combined ultrafiltration and electrodeionization 
method that was able to remove 99% of biomass and micro-
organisms, > 46% of xylose, 99% pigment, > 90% acetic acid, 
and > 99% ionic impurities with 30–50% xylitol loss. Wei 
et al. [26] studied xylitol crystallization and purification 
from hemicellulosic hydrolysate of corn cob. The fermen-
tation broth was blanched and desalted via activated carbon 
and ion-exchange resins. The addition of crystal seeds of 
xylitol to the supersaturated solution resulted in 60.2% crys-
tallization yield and 95% purity.
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13  Future recommendations and conclusion

This review mainly highlights the recent studies of xylitol 
production by wild strains of yeast. Lately, there has 
been a noteworthy boost in demand for xylitol due to its 
wide commercial application in various industrial sectors 
like food, pharmaceuticals, and dental-related products. 
Currently, the commercial production of xylitol is carried 
out by chemical route and will continue to grow and 
expand in the future. Due to issues of carbon foot print 
and high energy requirements, biotechnological production 
of xylitol can be a game changer, as it is not only eco-
friendly and efficient but it can also be easily incorporated 
into biorefineries for meeting out the demand and supply 
of xylitol. However, the xylitol production through 
biotechnological route has been restricted to the lab scale. 
Although a large number of xylitol-producing wild strains 
are documented in the literatures, but their potential for 
efficient xylitol production with higher productivities has 
not been explored fully. Most of the recent studies have 
been at shake flask level in batch mode. Comparatively, 
there are very few literatures available on continuous 
and high-cell density culture, which have the potential to 
enhance the yield and productivity of xylitol-producing 
organisms and subsequently can be employed for the scale 
up studies at pilot level. Development of stable, inhibitor 
tolerant, and robust recombinant strain is another challenge 
that needs to be addressed. Unlike chemical plant, separate 
plant for xylitol production by biotechnological route is not 
cost-effective. Apart from improvement in fermentation 
strategies, there are different challenges that need to 
be addressed in the other main steps like pretreatment, 
detoxification, and xylitol purification for cost-competitive 
production. However, inclusion of xylitol in a biorefinery 
may add to the techno-economic feasibility of this 
process and subsequently can increase the profitability of 
biorefinery.
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